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ABSTRACT 

Co-transcriptional pre-mRNA processing relies on 
reversible phosphorylation of the carboxyl-terminal 
domain (CTD) of Rpb1, the largest subunit of RNA 
polymerase II (RNAP II). In this study, we replaced in 
live cells the endogenous Rpb1 by S2A Rpb1, where 
the second serines (Ser2) in the CTD heptapeptide 
repeats were switched to alanines, to prevent phos- 
phorylation. Although slower, S2A RNAP II was able 
to transcribe. However, it failed to recruit splicing 
components such as U2AF65 and U2 snRNA to tran- 
scription sites, although the recruitment of U1 
snRNA was not affected. As a consequence, 
co-transcriptional splicing was impaired. 
Interestingly, the magnitude of the S2A RNAP II 
splicing defect was promoter dependent. In 
addition, S2A RNAP II showed an impaired recruit- 
ment of the cleavage factor PCF1 1 to pre-mRNA and 
a defect in 3 -end RNA cleavage. These results 
suggest that CTD Ser2 plays critical roles in 
co-transcriptional pre-mRNA maturation in vivo: It 
likely recruits U2AF65 to ensure an efficient 
co-transcriptional splicing and facilitates the re- 
cruitment of pre-mRNA 3 -end processing factors 
to enhance 3 -end cleavage. 

INTRODUCTION 

In eukaryotic cells, pre-mRNA maturation involves 
complex sequential steps, including splicing and 3'-end 
processing (1). Splicing is catalyzed by the spliceosome, 
a large ribonucleoprotein (RNP) complex. The 
spliceosome comprises five small nuclear RNP (snRNP) 
particles and many auxiliary factors. Spliceosome 
assembly starts with the recruitment of Ul snRNP to 
the 5' splice site, followed by the U2 snRNP auxiliary 



factor (U2AF). The U2AF65 and U2AF35 subunits of 
U2AF, respectively, bind to the polypyrimidine tract 
and the 3' splice site. U2AF next recruits U2 snRNP to 
the branch point to form the pre-spliceosome complex A. 

The 3 / -end processing of pre-mRNAs involves two 
tightly coupled steps: 3'-end cleavage and polya- 
denylation. The mammalian 3 ; -end processing complex 
comprises cleavage and polyadenylation specificity 
factor, cleavage stimulation factor, cleavage factors I 
and II and poly (A) polymerase (2). Splicing and 3 / -end 
cleavage stimulate each other (3): An intron upstream of 
the polyadenylation (pA) signal stimulates cleavage (4), 
and mutation of the pA signals reduces splicing of the 
last intron in vitro (5). 

It is broadly accepted that the carboxyl-terminal 
domain (CTD) of Rpbl, the largest subunit of RNA 
polymerase II (RNAP II), is needed to couple pre- 
mRNA processing to transcription (6,7). The CTD 
comprises tandem repeats of a heptapeptide with Tyrl- 
Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 consensus sequence (8,9). 
Truncation of the CTD impairs both splicing and 3'-end 
cleavage (10,1 1). Phosphorylation is the most documented 
post-translational modification of the CTD. It is involved 
in co-transcriptional processing (12-15). Phosphorylation 
of Ser2 increases along genes and peaks toward the end of 
the gene (16-19), consistent with an involvement in 
pre-mRNA processing. Indeed, two studies suggested 
that Ser2 phosphorylation is required for pre-mRNA 
3'-end in vivo processing of pre-mRNAs (20,21). One 
used flavopiridol, a CDK9 inhibitor, and the other used 
yeast strains where the Ctkl gene is deleted. Another 
CDK9 inhibitor, 5,6-dichloro-l-beta-D-ribofuranosylben- 
zimidazole (DRB), blocks co-transcriptional splicing and 
3'-end cleavage (22). However, the effects of either 
knocking-out or inhibition of Ser2 kinase might be hard 
to interpret: First, several kinases such as CDK9, Ctkl, 
CDK12 and CDK13 preferentially phosphorylate Ser2 
in vitro (23,24); therefore, blocking CDK9 or deleting 
Ctkl might not totally inhibit Ser2 phosphorylation 
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in vivo. Second, inhibitors might affect several targets and 
have indirect effects (25-28). For example, flavopiridol 
inhibits phosphorylation of both Ser2 and Thr4 (29), 
although Thr4 is phosphorylated by the polo-like kinase 
(19). Furthermore, 3'-end processing of snRNA is 
impaired by DRB, another CDK9 inhibitor, but Ser7 
phosphorylation is involved in this process (30). 

An alternative strategy is to replace phosphorylable 
residues in the CTD heptapeptide repeats by alanines to 
prevent phosphorylation (31). Therefore, we replaced the 
endogenous Rpbl in RNAP II by S2A Rpbl, where 
the CTD Ser2 had been switched to alanines. Reporter 
transcripts generated by S2A RNAP II were found defect- 
ive for both pre-mRNA splicing and 3'-end cleavage. 
Transcription by S2A RNAP II failed to recruit 
U2AF65 to transcription sites, and the recruitment effi- 
ciency of PCF11 was reduced. Thus, we propose that Ser2 
plays a central role in coupling of splicing and 3'-end 
cleavage to transcription, by enabling the CTD to 
recruit splicing and 3'-end processing machineries to the 
transcription machinery. 

MATERIALS AND METHODS 

Plasmids and cells 

Plasmids expressing HA-tagged amanitin-resistant Rpbl, 
YFP-MS2 and pSVEDA have been described (31-33). 
pBGwtSV40 and pBGmutSV40 were generated from 
pBGwt and pBGmut (previously named pTet-on- 
CFP-MS2wt and pTet-on-CFP-MS2mut, respectively) 
(29,34) by Apal-Pael digestion and ligation. U1-70K 
and U2AF35 cDNAs were cloned into pEGFP-Cl 
(Clontech) to generate pEGFP-Ul-70K and pEGFP- 
U2AF35. For pU2AF65-Flag, EGFP was replaced by 
Flag epitope in pEGFP-Nl. U20S Tet-on cells were 
from Clontech. SJ (previously named 2-6-3) (35), BGwt 
and BGmut cells were derived from U20S (34). 
Concentrations of oc-amanitin and doxycycline used were 
8 ug/ml and 6 ug/ml, respectively. 

Antibodies 

The following primary antibodies were used: HA (Abeam 
ab 9110), EGFP (JL-8, Clontech), Flag (F7425, 
Sigma- Aldrich), oc-tubulin (T9026, clone DM1 A, Sigma- 
Aldrich), U2AF65 (ab37530, Abeam), SC35 (sc53518, 
Santa Cruz), PCF11 (scl61998, Santa Cruz) and SF2/ 
ASF (32-4600, Invitrogen). Primary antibodies were 
detected with horseradish peroxidase-labeled secondary 
antibodies (Promega) for western blot or fluorophore- 
conjugated secondary anti-mouse, anti-rabbit 
(Invitrogen) and anti-goat (Sigma- Aldrich) antibodies. 

Transfection 

FuGene 6 (Roche) transfection was used for microscopy; 
otherwise, LyoVec (Invivogen) was used. An empty 
plasmid vector was used as carrier DNA to maintain a 
constant quantity of nucleic acid. For RNAi knockdown, 
Lipofectamine 2000 (Invitrogen) was used twice, with 24 h 
as an interval, and U20S cells were harvested 48 h after 



the second transfection. Sense sequences of siRNAs 
(Eurofins MWG Operon) are as follows: U2AF65, 5'-G 
CACGGUGGACUGAUUCGUdTdT-3' (36); luciferase, 
S'-CUUACGCUGAGUACUUCGAdTdT^'. 

Reverse transcription 

Total RNA was extracted using RNeasy kit (Qiagen), and 
reverse transcribed by Superscript III reverse transcriptase 
(Invitrogen) after RNase-free DNase I treatment 
(Fermentas) using random hexamers, Oligo dT or gene- 
specific primers. Sequences of gene-specific primers are 
given in the online supplementary material. 

PCR and qPCR 

PCR without reverse transcription was performed to 
check the absence of genomic DNA contamination. 
GSYBR Green qPCR Master kit (Fermentas) was used. 
Primer sequences and conditions are provided in the 
online supplementary material. 

RNA immunoprecipitation assay 

The procedure was adapted from Zhao et al. (37). Cells 
were transfected with HA-tagged amanitin-resistant 
Rpbl. Cell nuclei were pelleted and resuspended in 
500 |il of RIPA buffer [50 mM Tris-Cl (pH 7.4), 150mM 
NaCl, 0.25% Na-deoxycholate, 1% NP-40, 1 mM EDTA, 
1 mM EGTA, 1 mM DTT, RNase inhibitor (Fermentas), 

1 mM phenylmethylsulfonyl fluoride (PMSF), protease in- 
hibitor cocktail (Sigma)]. Lysates were passed 10 times 
through a 20-gauge needle and then digested by Turbo 
DNase (Ambion) on ice for 30min. After pre-clearance 
with Dynabeads protein A (Invitrogen) slurry, the lysate 
was diluted in RIPA buffer to 1 ml and incubated for 2 h 
at 4°C with 20 ul of Dynabeads protein A (Invitrogen) 
slurry and 2ug of anti-HA antibody. After extensive 
washes, RNA was extracted by RNeasy kit (Qiagen). 
For plasmid and C-FOS transcripts analysis, 5 x 10 6 and 

2 x 10 7 cell nuclei were used, respectively. 

Fluorescence recovery after photobleaching 

Fluorescence recovery after photobleaching (FRAP) was 
performed in SJ cells transfected with YFP-MS2 and 
induced by doxycycline as described by Darzacq et al. 
(38). Briefly, the phenol red-free Leibovitz's LI 5 
medium replaced low-glucose DMEM in FRAP. 
Experiments were carried out at 37°C using a 
temperature-controlled Delta T4 culture dish system 
with a heated lid and an objective heater (Biop techs). 
An Olympus IX 81 epifluorescence microscope with a 
PlanApo 100X, 1.4 NA objective (Olympus) and a 
CoolSNAP HQ camera (Roper Scientific) was used for 
wide-field imaging. Transcription sites were bleached 
using a single 488-nm laser pulse in a circle area of 
2.5-jim diameter (bleaching time, 5 ms). Stacks of nine 
images 400-nm apart were acquired every 3-30 s for 
15min. Fluorescence intensities were normalized by 
setting a pre-bleach value as 1 and the first post-bleach 
value as 0. 
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Fluorescence image analysis 

Fluorescence in situ hybridization (FISH), immunofluor- 
escence and radial analysis of images have been described 
previously (34). In brief, rings were centered on the tran- 
scription site defined by MS2 hybridization signal. The 
density of fluorescence in each annulus at a given 
distance was obtained by dividing the intensity of 
fluorescence by the area of the same annulus, and then 
normalized by the average density at 1.6 um. 
Transcription sites from >50 cells were used for each 
analysis. Control sites were selected randomly in the cor- 
responding nuclei. A detailed protocol and probe se- 
quences are provided in the online supplementary 
material. 

RNase protection assay 

A radioactive RNA probe was in vitro transcribed using a 
MAXIscript Kit (Ambion). RNase protection assay 
(RPA) was carried out using the RPA III kit (Ambion) 
following the manufacturer's instructions, except that hy- 
bridization of the probe with total RNA was performed 
overnight at 60°C. Quantification was carried out using a 
Fuji FLA 3000 phosphorimager. Automated band quan- 
tification was performed using ImageQuant TL software. 

RESULTS 

Switching CTD Ser2 into alanines impairs splicing in vivo 

A mutation in Rpbl, the largest subunit of RNAP II 
confers resistance to oc-amanitin (39). This mutation 
offers an opportunity to functionally replace endogenous 
Rpbl in the presence of amanitin by Rpbl with a modified 
CTD. To determine whether the Rpbl derivatives affected 
splicing in vivo, it was co-transfected with the pBGwtSV40 
reporter plasmid. pBGwtSV40 carries the (3-globin intron 
1 (II) followed by MS2 repeats and the SV40 
polyadenylation signal (Figure lb, upper panel). After 
24 h in amanitin to inactivate endogenous Rpbl, tran- 
scription of the reporter gene was induced by doxycycline 
(Figure la). An RT-PCR of RNAs isolated from trans- 
fected cells generated two products corresponding to 
spliced and unspliced transcripts from the reporter gene 
(Figure lb, lanes 2-4). No product was amplified from 
amanitin-treated cell RNAs without transfection of an 
amanitin-resistant Rpbl plasmid (Figure lb, lane 1), 
indicating that endogenous Rpbl had indeed been 
inactivated and that the transfected Rpbl was functional. 
Co-transfection of amanitin-resistant Rpbl having a wild- 
type CTD (CTDwt) essentially generated spliced reporter 
transcripts (Figure lb, lane 2). However, the proportion of 
unspliced product increased strongly (20-fold) on 
co-expression of a truncated Rpbl (CTD5), where only 
five heptapeptide repeats were left (Figure lb, lanes 4). 
Truncation of the CTD impaired reporter expression effi- 
ciency and splicing as previously reported (10). The cells 
were co-transfected next with S2A Rpbl to mimic a per- 
manently unphosphorylated state (31). The proportion of 
unspliced product increased 13-fold when generated by 
S2A RNAP II compared with wild type (Figure lb, 



lane 3). This finding suggests that CTD Ser2 is required 
for an efficient splicing in vivo. 

S2A RNAP II splicing impairment is promoter dependent 

To determine whether the splicing deficiency of S2A 
RNAP II was restricted to the (3-globin intron 1 and the 
Tet-on promoter, we investigated next the splicing of 
another model (pSVEDA) with different introns (33) 
(Figure lc, upper panel). We focused on the oc-globin 
intron 2 that did not experience alternative splicing. In 
cells expressing CTDwt Rpbl, the spliced product was 
the sole to be detected (Figure lc, lower panel). In 
contrast, unspliced products were seen in transcripts 
from S2A Rpbl -expressing cells. In the pSVEDA 
plasmid series, different promoters driving the same 
reporter gene were available. Interestingly, the magnitude 
of splicing deficiency in the presence of S2A polymerase 
was promoter dependent: Transcripts driven by the cyto- 
megalovirus (CMV) promoter showed the most severe 
splicing deficiency, those driven by the oc-globin 
promoter were the least affected and those driven by 
fibronectin promoters were intermediate (Figure lc, 
lanes 2, 4, 6 and 8). Thus, the magnitude of splicing im- 
pairment of transcripts generated by S2A RNAP II might 
be influenced by factors that define promoter architecture. 
Importantly, splicing impairment of transcripts generated 
by S2A RNAP II is not restricted to a particular intron. 

Impairment of C-FOS co-transcriptional splicing 

A defective co-transcriptional splicing might be respon- 
sible for the promoter effect on S2A-generated splicing 
impairment. To test this hypothesis, we investigated the 
splicing status of nascent transcripts co-immunopre- 
cipitated with HA-tagged RNAP II wild type or S2A 
mutant (40). There was small increase (xl.3) in the 
unspliced/spliced ratio of nascent transcripts generated 
by the S2A RNAP II with oc-globin promoter 
(Figure Id, left). In contrast, a 6-fold increase in 
unspliced/spliced ratio was observed for nascent tran- 
scripts driven by the CMV promoter as described earlier 
in the text for the bulk transcripts (Figure lc). 

We next investigated splicing of an endogenous gene 
transcribed by S2A RNAP II. C-FOS was selected 
because its mRNA has a very short half-life. When 
C-FOS nascent transcripts were generated by S2A 
RNAP II, the unspliced/spliced ratio increased 
(Figure Id, right). Such an increase was observed with 
all three C-FOS introns, intron 3 being the most 
affected. To conclude, the splicing of both endogenous 
and the reporter transcripts investigated here is co-tran- 
scriptional. Both the S2A-driven splicing impairment and 
its promoter dependence are detected at the co-transcrip- 
tional level. 

Transcription by S2A RNAP II impairs the recruitment 
of U2AF65 and U2 snRNA, but not Ul snRNA onto 
sites of transcription 

We previously reported that recruitment of essential 
splicing factors, such as U2AF65 and U2 snRNA, to tran- 
scription sites is impaired when splicing is blocked by 
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Figure 1. Switching CTD Ser2 into alanines impairs splicing in vivo, (a) Experimental scheme. U20S Tet-on cells were co-transfected with 
a-amanitin-resistant Rpbl and pBGwtSV40 reporter plasmid. The Tet-on promoter drives the expression of P-globin (BG) exon 1(E1), intron 1 
(II) and exon 2 (E2) fused to CFP-coding sequence followed by MS2 sequences, (b) RT-PCR detection of splicing. CTDwt stands for wild-type 
Rpbl. S2A designate the mutated Ser2Ala Rpbl. CTD5 carries a deletion of 48 heptad repeats (31). Splicing was analyzed by RT-PCR amplification 
of a region spanning from P-globin exon 1 to CFP to avoid interference with endogenous P-globin RNAs. Twenty-five amplification cycles were used 
for lanes 2 and 3, and 28 cycles were used for lanes 1 and 4. Quantification is an average of three experiments with standard error of mean (SEM). 
Unspliced/spliced ratios were normalized to CTDwt. (c) Splicing defects of S2A are promoter dependent. U20S cells were co-transfected with 
pSVEDA plasmids where a-globin (black boxes) and fibronectin (grey boxes) exons were driven by a-globin (Alpha-GB), fibronectin (FN), mutated 
fibronectin (MFN) or cytomegalovirus (CMV) promoters (33). The PCR-amplified region spans a-globin intron 2. (d) Transcripts 
co-immunoprecipitated with HA-tagged RNAP II were reverse transcribed with a gene-specific primer downstream a-globin intron 2 (left, for 
transfected pSVEDA plasmids) or random primers (right, for endogenous C-FOS). cDNAs were amplified by qPCR using intron-specific primers 
for unspliced or spliced RNAs. Quantification is an average of three experiments with SEM. Unspliced/spliced ratios were normalized to CTDwt. 
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mutation of the donor and acceptor splice sites (34). To 
determine the mechanism of splicing inhibition by S2A 
mutant, we examined whether S2A mutant would affect 
recruitment of splicing factors in BGwt cells expressing 
S2A or wild-type Rpbl. In BGwt cells, the pBGwt 
plasmid has been stably integrated as a gene array into a 
unique locus (34). It contains the (3-globin intron 1 fused 
to MS2 repeats. Transcripts were detected by FISH with 
an MS2-specific probe (Supplementary Figure SI). 
Transcription sites were not observed in amanitin-treated 
cells that did not express an amani tin-resistant Rpbl (data 
not shown), but were seen in cells expressing 
amanitin-resistant Rpbl (Supplementary Figure SI). 
Splicing components were detected by FISH or immuno- 
fluorescence in the same cells (Supplementary Figure SI). 
Co-localizations between transcription sites and splicing 
factors were quantified by image processing analysis of 
>50 nuclei (34). Splicing components involved in the 
earliest steps of spliceosome assembly such as 
Ul snRNA and SF2/ASF (alias SRSF1) co-localized 
with transcription sites in BGwt cells when either 
CTDwt or S2A Rpbl were expressed (Figure 2 and 
Supplementary Figure Sla and b). In contrast, recruit- 
ment of components involved in subsequent steps, such 
as U2AF65 (alias U2AF2), U2 snRNA and SC35 (alias 
SRSF2), was impaired in S2A Rpbl- but not in CTDwt 
Rpbl-expressing cells (Figure 2 and Supplementary 
Figure Sic to e). These findings suggested that CTD 
Ser2 is required for the assembly of the pre-spliceosome 
complex at transcription sites. 

To determine whether the lack of U2AF recruitment 
could be compensated by increased levels of this factor, 
we overexpressed U2AF subunits in cells co-transfected 
with S2A mutant and pBGwtSV40. Plasmids expressing 
U2AF65-flag or EGFP-U2AF35 were co-transfected with 
S2A mutant, and their expression was confirmed by 
western blot (Figure 3a, lanes 3-5). Splicing of reporter 
gene RNA extracted from the same sample was tested 
using RT-PCR (Figure 3b). Overexpression of U2AF 
subunits alone or their combination did not significantly 
improve splicing in S2A Rpbl-expressing cells (Figure 3b, 
lanes 3-5). However, overexpression of U 1-70 K, a protein 
interacting with Ul snRNA, which is enriched on tran- 
scription sites of S2A Rpbl, partially rescued splicing of 
transcripts generated by S2A (Figure 3b, lane 2) to the 
level observed with CTDwt (lane 6). 

Ser2Ala RNAP II transcription rate in living cells 

It has been reported that a deletion of (3-globin intron 2 
limits the release of unprocessed RNA from transcription 
sites (41). Hence, unspliced transcripts generated by the 
S2A RNAP II might accumulate on the transcription 
sites. To address this possibility, we followed FRAP of 
MS2-YFP labeled nascent RNA on transcription sites 
(38). To visualize transcription sites, we used U20S- 
derived SJ cells that had 200 copies of a reporter fused 
with MS2 sequence and a (3-globin exon/intron cassette 
inserted into a single locus (35). SJ cells were co-trans- 
fected with plasmids expressing MS2-YFP protein and 
either S2A mutant or wild- type Rpbl. Transcription 



sites were only observed in cells transfected with 
amanitin-resistant Rpbl. During the first 32s after photo- 
bleaching, which corresponds to the estimated elongation 
time in SJ cells (38), MS2-YFP fluorescence recovery was 
one-third weaker with S2A RNAP II than with wild type 
(CTDwt) (0.26 versus 0.39 at 32 s) (Figure 4), suggesting 
the elongation rate of S2A RNAP II is slower than that of 
wild-type RNAP II. YFP fluorescence on S2A transcrip- 
tion sites recovered close to pre-bleach values after 15 min. 
Therefore, the S2A mutant transcribes fairly well, and 
unspliced RNA generated by S2A RNAP II are released 
from transcription sites. Yet, elongation rate is slower for 
S2A than for CTDwt. 

Transcription by S2A RNAP II impairs 3 -end cleavage 

Previous studies suggested that Ser2 phosphorylation is 
essential for pre-mRNA 3'-end processing (20). To test 
whether S2A RNAP II transcripts showed a 3'-end pro- 
cessing defect of pre-mRNA, we used RT-qPCR. All tran- 
scripts from cells transfected with CTDwt or S2A were 
amplified from cDNA libraries using the RT1 gene-spe- 
cific primer upstream the pA signal. Uncleaved 
read-through transcripts were amplified from cDNAs 
using gene-specific primers (GSPs) (RT2, RT3 and RT4) 
downstream the pA signal (Figure 5a, upper panel). 
A 2-fold increase of the read-through/total RNA ratio 
was observed with S2A RNAP II transcripts compared 
with CTDwt (Figure 5a, lower panel). In contrast, a 
small but reproducible decrease in polyadenylated/total 
RNA ratio (dT primer) was observed. 

To confirm 3'-end cleavage impairment, an RNase pro- 
tection assay of 3'-end processing was set up next. 
Read-through transcripts that failed to be cleaved after 
the pA signal would be extended further, and because 
the plasmid is circular, some read-through transcripts 
would be extended to sequences from upstream to down- 
stream of the transcription start site. Hence, an antisense 
RNA probe that overlaps the transcription start site on 
pBGwtSV40 should give longer protected fragments by 
read-through transcripts than those initiated at the tran- 
scription start site (Figure 5b, upper panel). The ratio of 
read-through to total transcripts was higher for S2A 
Rpbl than for CTDwt Rpbl-expressing cells (Figure 5b, 
lanes 1 and 2). It is worth to note that the 3'-end process- 
ing impairment of S2A was weaker than that of CTD 5 
(Supplementary Figure S2b). 

Because splicing stimulates pre-mRNA 3'-end process- 
ing in vitro (42), it was questioned whether S2A RNAP II 
transcription affects 3'-end processing directly or because 
of the splicing deficiency. Thus, the RNase protection 
assay was repeated with pBGmutSV40 plasmids where 
both 5' and 3' splice sites have been mutated to completely 
abolish splicing (34). Again, S2A transcription resulted in 
3'-end processing defect of pre-mRNA from the 
pBGmutSV40 reporter as well (Figure 5b, lanes 3 and 
4). To determine whether this 3'-end processing defect 
was restricted to SV40 polyadenylation (pA) signals, we 
tested the 3'-end processing of pre-mRNA transcribed by 
S2A mutant from a pBGwt plasmid where the SV40 pA 
sequence had been replaced with the bovine growth 
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Figure 2. S2A RNAP II transcription impairs recruitment of U2AF65 and U2 snRNA, but not of Ul snRNA, to transcription sites. Radial analysis 
of Ul snRNA (a and b), U2AF65 (c and d) or U2 snRNA (e and f) recruitment to transcription sites in BGwt cells. Typical fluorescence microscopy 
images are shown in Supplementary Figure SI. For radial analysis, the mean relative enrichments are plotted against the distance from the center of 
transcription sites (closed symbols) defined by the MS2 hybridization signal or from randomly selected control sites (open symbols). SEM of data for 
Ul snRNA, U2AF65 and U2 snRNA using 64, 59 and 64 cells for CTDwt and 77, 63 and 77 cells for S2A, respectively. 



hormone one. Similar observations were made 
(Supplementary Figure S2a), showing that S2A RNAP 
II transcription decreases 3'-end processing efficiency 
with different pA signals and independently of splicing. 

Decreased 3 -end cleavage efficiency in the absence 
of U2AF65 

It has been shown that introns stimulate 3'-end processing 
in vitro (42). Indeed 3'-end cleavage of non-spliced 
pBGmutSV40 transcripts was less efficient than that of 
spliced pBGwtSV40 transcripts in CTDwt-expressing 
cells (Figure 5b, compare lanes 1 and 3). We then 
hypothesized that a failure of U2AF recruitment may 
lead to a deficient 3'-end processing of S2A-generated 
transcripts. This, because U2AF65 has been shown to 
bind the 3 / -end processing machinery in vitro (43) and 



because it is not recruited to S2A transcription sites. 
Therefore, U2AF65 expression was knocked down by 
siRNA in cells expressing endogenous Rpbl (Figure 6a). 
It resulted in a 3 -fold decreased splicing efficiency 
compared with a control siRNA (Figure 6b). 
Furthermore, the U2AF65 knockdown increased the 
ratio of read-through pre-mRNA to total transcripts 
(Figure 6c, left and middle). In contrast, it resulted in a 
small but reproducible decrease in polyadenylated mRNA 
(right). A U2AF65 knockdown leads to a decreased 3'-end 
processing efficiency. 

Both Ser2Ala switch and the absence of splicing decrease 
PCF11 recruitment to transcription sites 

The 3'-end cleavage of non-spliced pBGmutSV40 tran- 
scripts was less efficient than that of spliced pBGwtSV40 
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Figure 3. Overexpression of U1-70K rescues splicing defects of S2A RNAP II. (a) Western blot of overexpressed U1-70K, U2AF65 and U2AF35. 
U20S Tet-on cells were co-transfected with pBGwtSV40, CTDwt or S2A Rpbl, and with expression vectors for U2AF35, U2AF65 and U1-70K. 
(b) Splicing patterns on U2AF65, U2AF35 or U1-70K overexpression. Error bars represent SEM of four experiments. 
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Figure 4. FRAP evaluation of CTDwt and S2A RNAP II transcription rates. Upper scheme represents the principle of FRAP. A typical image set is 
shown underneath. SJ cells were co-transfected with a-amanitin-resistant Rpbl, YFP-MS2 and the reverse tetracycline chimeric activator (rTetR). 
Half-recovery time is Ills and 268 s for CTDwt and S2A, respectively. The inlet shows the recovery curves of the first 60 s. Curves show the mean 
with SEM using data from 10 and 16 cells for CTDwt and S2A RNAP II, respectively. 
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Figure 5. S2A RNAP II transcription impairs 3'-end cleavage, (a) Transcripts of S2A in transfected U20S cells show more read-through than 
CTDwt, as quantified by RT-qPCR. Positions of the amplicon and RT primers are shown in the upper diagram. cDNAs were reverse transcribed 
using various GSPs. A primer upstream the SV40 pA (RT1) reverse transcribed all transcripts (processed and read-through). GSPs downstream 
the pA signal (RT2, RT3 and RT4) only transcribed uncleaved read-through transcripts. Oligo-dT only transcribed polyadenylated transcripts. 
Real-time PCR product values for RT2, RT3, RT4 and dT cDNAs were divided by the value obtained with RT1. The ratio of S2A was normalized 
to CTDwt. SEM of four experiments is shown, (b) RNase protection assay for 3'-end cleavage. Cell treated as in Figure la. Probe and protected 
products are positioned in the reporter diagram. Read-through transcripts protect a longer fragment than transcripts of the S'-end (Total). RNAs 
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Figure 6. U2AF65 knockdown impairs 3'-end cleavage, (a) Western blot of U2AF65 siRNA knockdown. U20S cells were transfected twice, with 
24 h as an interval, and harvested 48 h after the last transfection. (b) U2AF65 knockdown impaired splicing. U20S cells were transfected with 
pBGwtSV40 plasmid and induced by doxycycline 24 h before harvest, (c) Left — RNase protection assay for 3'-end cleavage of pBGwtSV40 tran- 
scripts after knockdown of U2AF65. Middle — Quantification of the RNase protection assay. Right — Ratio qPCR using oligo dT and RT1 as RT 
primers like in Figure 5. SEM of three experiments is shown. 



transcripts. We then hypothesized that it might relate to a 
deficient 3'-end processing factor recruitment on transcrip- 
tion sites. PCF11, an essential component of the 3'-end 
processing machinery, was investigated in cells expressing 
wild-type Rpbl. Indeed, enrichment of PCF11 on tran- 
scription sites was greater in BGwt cells (splicing compe- 
tent) than in BGmut cells (splicing incompetent) (Figure 7 
compare a and c). A similar pattern was observed on sites 
transcribed by endogenous RNAP II (Supplementary 
Figure S2a and b). Thus, splicing appears to enhance 
PCF11 recruitment on transcription sites. 

Because S2A RNAP II transcription resulted in 
impaired splicing and 3'-end processing, we hypothesized 
that it might also lead to a deficient 3'-end processing 
factor recruitment on transcription sites. Indeed, 



recruitment of PCF11 in BGwt cells (splicing competent, 
Figure 7, compare a and b) was weaker in the presence of 
S2A compared with wild-type Rpbl (CTDwt). The effect 
of Ser2 phosphorylation and splicing on PCF11 recruit- 
ment is synergistic. PCF11 was not detectable at the tran- 
scription sites in BGmut cells (splicing incompetent) 
expressing S2A Rpbl (Figure 7d). These observations sug- 
gested that both Ser2 and splicing contribute to recruit 
PCF11 for an efficient pre-mRNA 3'-end cleavage. 



DISCUSSION 

Replacing Rpbl, the largest subunit of RNAP II, with a 
Ser2Ala CTD mutant, we provide evidence that Ser2 is 
important for splicing and 3'-end cleavage in vivo. 
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Figure 7. PCF11 recruitment is diminished in the absence splicing or on S2A RNAP II transcription. Radial analysis of PCF11 recruitment. Typical 
images are shown in Supplementary Figure S3. SEM of data from 67 BGwt (a) and 61 BGmut (c) cells for CTDwt and from 61 BGwt (b) and 60 
BGmut (d) cells for S2A. 



We took advantage of an Rpbl mutation that confers re- 
sistance to oc-amanitin. Although oc-amanitin has been 
reported to affect the level of short-lived proteins, and 
therefore indirectly impair pre-mRNA splicing (44), our 
results suggest that the splicing machinery is intact in our 
experimental conditions. Indeed, no splicing defect was 
observed when pre-mRNAs were synthesized by the 
oc-amanitin-resistant wild-type Rpbl. Phosphorylation of 
the CTD has been proposed to favor splicing (20,21), 
although it is unclear which phosphorylated residue in 
the CTD repeat is required. Ser2 phosphorylation is a 
good candidate. It occurs after capping (45-47) and in- 
creases along the genes (16,17,19). The splicing impair- 
ment we observe with the S2A RNAP II mutant might 
be caused by loss of CTD Ser2 phosphorylation, 
although one may not exclude the involvement of 
factors interacting with the Ser2 hydroxyl group. 

Splicing can occur co-transcriptionally (7). Indeed, an 
intron probe only detects RNA molecules at the transcrip- 
tion sites of cells that synthesize a pre-mRNA with a func- 
tional intron (34). Here we find that a large amount of 
nascent transcripts co-immunoprecipitated with RNAP II 
is spliced. Consistently, the spliceosome snRNAs (U2, U4, 
U5, U6) and auxiliary factors such U2AF are recruited to 
a transcription site that has a functional intron. 
As U2AF65 is not enriched on transcription sites when 



Ser2 is replaced by alanine, we propose that binding of 
U2AF65 to Ser2-phosphorylated CTD is important. First, 
U2AF65 plays a role in early steps of spliceosome 
assembly, just after 5' splice site recognition by Ul 
snRNP (1). U2AF65 stabilizes U2 snRNP association 
with the pre-mRNA (48). Second, U2AF65 binds prefer- 
entially to the phosphorylated Ser2 CTD in vitro (49). 
However, Ser2 phosphorylation is necessary but not suf- 
ficient. Functional splice sites in pre-mRNA are also 
required for U2AF65 enrichment on gene arrays 
transcribed by wild-type RNAP II (32,34). 

In contrast to U2 snRNA, Ul snRNA is enriched on an 
intron-less gene array transcribed by wild-type RNAP II 
(32,34) or on an intron-containing gene array transcribed 
by S2A RNAP II (this work). Recruitment of Ul snRNA 
might relate to the constitutive association of Ul snRNP 
with RNAP II (34,50). Our data suggest that Ser2 phos- 
phorylation is not involved in this association. 
Interestingly, overexpression of U1-70K, a Ul snRNP- 
specific protein, partially compensates splicing defects of 
S2A mutant transcripts. However, the mechanism of this 
observation is unclear. Experiments involving a model 
gene driven by various promoters indicate that the mag- 
nitude of the splicing defect of transcripts generated by 
S2A RNAP II is promoter dependent. The first intron of 
transcripts driven by the oc-globin promoter remains 
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Figure 8. Ser2 phosphorylation couples splicing and 3'-end processing to transcription. A model. This scheme is restricted to factors related to this 
study. Py, polypyrimidine track; SS, splice site. The arrow in the upper diagram means functional enhancement. Ser2 phosphorylation is necessary to 
recruit U2AF65 to support splicing, and it facilitates the recruitment of pre-mRNA 3'-end processing factor such as PCF11 to enhance 3'-end 
cleavage. Meanwhile, splicing factors, such as U2AF65, stimulate 3'-end processing and couple it to splicing. 



spliced correctly, whereas splicing of the same transcripts 
driven by the CMV promoter is impaired. Interestingly, 
the constructs used in this study show a promoter- 
dependent alternative splicing of their other introns (33). 
There are several possible explanations. First, a 



multiplicity of interactions is involved in U snRNP and 
SR protein recruitment to the nascent transcript. For 
instance, our data show that both Ser2 and a functional 
splice site are required to recruit U2AF and U2 snRNP. 
Other interactions with activators, co-activators and 
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transcription factors that are promoter specific might be 
involved. For instance, U snRNP have been shown to 
interact directly or indirectly with modified histones 
(51,52). Histone modifier loading as well as chromatin 
modifications on genes is dependent on promoter charac- 
teristics, and chromatin modifications influence the effi- 
ciency of co-transcriptional splice site recognition (53). 
Along this line of thoughts, the rescuing effect of 
U1-70K overexpression suggests that some promoter- 
dependent transcription factor combinations might 
enhance the loading or the activity of Ul snRNP and 
thereby increase the splicing of S2A transcripts. 

We observed a deficient 3'-end processing of S2A tran- 
scripts. This is in agreement with a requirement in Ser2 phos- 
phorylation that might be attributed to the specific binding 
of PCF11 to Ser2-phosphorylated CTD in vitro (42,54,55). 

U2AF65 interacts with the cleavage machinery through 
poly(A) polymerase, and this interaction has been proposed 
to mediate the coupling of splicing and 3'-end processing 
(56). Indeed, U2AF65 knockdown impaired 3'-end cleavage 
in vivo. When splice sites of a reporter gene are mutated, 
U2AF65 is not enriched on transcription sites and 3'-end 
processing of these transcripts is less efficient. This further 
supports that U2AF65 mediates the stimulation of 3'-end 
processing by splicing. We now show that splicing also 
enhances PCF11 recruitment on transcription sites. 
PCF11 might be recruited to the transcription machinery 
through two distinct but cooperating mechanisms: a direct 
interaction with the Ser2-phosphorylated CTD (55) and an 
indirect mechanism, which requires the presence of a func- 
tional intron. In contrast to U2AF65 (which requires both), 
either Ser2 phosphorylation or a functional intron is suffi- 
cient to recruit PCF1 1 to transcription sites. 

In summary, we propose that CTD Ser2 phosphoryl- 
ation is essential for co-transcriptional processing in vivo 
(Figure 8): It is required to recruit U2AF65 and support 
splicing; U2AF65, in turn, facilitates the recruitment of 
pre-mRNA 3'-end processing factors such as PCF11 to 
enhance 3'-end cleavage. Meanwhile, splicing factors, 
such as U2AF65, stimulate 3'-end processing and couple 
it to splicing. 

SUPPLEMENTARY DATA 
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Supplementary Figures 1-3 and Supplementary Methods. 
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